Severe fever with thrombocytopenia syndrome virus (SFTSV), a member of the Phlebovirus genus from the Bunyaviridae family endemic to China, is the causative agent of life-threatening severe fever with thrombocytopenia syndrome (SFTS), which features high fever and hemorrhage. Similar to other negative-sense RNA viruses, SFTSV encodes a nucleocapsid protein (NP) that is essential for viral replication. NP facilitates viral RNA encapsidation and is responsible for the formation of ribonucleoprotein complex. However, recent studies have indicated that NP from Phlebovirus members behaves in inhomogeneous oligomerization states. In the present study, we report the crystal structure of SFTSV NP at 2.8 Å resolution and demonstrate the mechanism by which it processes a ringshaped hexameric form to accomplish RNA encapsidation. Key residues essential for oligomerization are identifi ed through mutational analysis and identifi ed to have a signifi cant impact on RNA binding, which suggests that correct formation of highly ordered oligomers is a critical step in RNA encapsidation. The fi ndings of this work provide new insights into the discovery of new antiviral reagents for Phlebovirus infection.
INTRODUCTION
Severe fever with thrombocytopenia syndrome (SFTS), a lifethreatening illness associated with high fever and hemorrhage, is endemic in eastern and central China (Stone, 2010; Yu et al., 2011) . Severe fever with thrombocytopenia syndrome virus (SFTSV) is the causative agent of SFTS. SFTSV infection results in high fever, thrombocytopenia, leukocytopenia, gastrointestinal symptoms, neural symptoms, and bleeding with high mortality rates of up to 30% (Yu et al., 2011; Gai et al., 2012) . The severity of SFTS results from an infection-induced cytokine storm with abnormally expressed cytokine profi les Sun et al., 2012b) . Up to 240 infections and 30 fatalities from SFTSV were reported in China in 2011 (Yu et al., 2011) . However, to date, the molecular mechanism of SFTSV infection and replication, as well as its therapeutic management, has yet to be completely understood.
SFTSV is a member of the Phlebovirus genus of the Bunyaviridae family (Yu et al., 2011) . Phylogenetic analysis shows that SFTSV is distant from the two other groups of Phlebovirus: the Sandfl y fever group, which includes Rift Valley fever virus (RVFV), Punta Toro virus, Toscana virus, Massila virus, and Sandfl y fever Sicilian virus, and the Uukuniemi group; this fi nding suggests that SFTSV is the prototype of a third group in Phlebovirus (Nichol et al., 2005; Cheng, 2011; Yu et al., 2011) . Similar to all members of the Bunyaviridae family, the SFTSV genome contains tri-segmented negative-sense single-strand-& lar weight of about 1.4 kDa. SDS-PAGE analysis indicated that the major peaks contained the expected protein size of SFTSV NP (26 kDa). The results suggest that no protein contamination occurred during purifi cation and revealed that the recombinant SFTSV NP is an inhomogeneous high-order oligomer in solution. Since virally encoded NPs bind with nucleic acid, we measured the A 260 /A 280 ratio of peaks determined during gel fi ltration. The A 260 /A 280 ratio of the major peak is 1.23, indicating binding of cellular nucleic acids with the recombinant SFTSV NP. An additional peak showed an A 260 /A 280 ratio of 1.8. SDS-PAGE and agarose gel results suggest that this additional peak represents a DNA contaminant (data not shown), which may be formed by a low-molecular weight nucleic acid host. No viral genome RNA was found in the expression host, and recombinant SFTSV NP could randomly bind cellular nucleic acids to form a highly ordered oligomeric state. Electron micrographs by negative stain were taken using the fraction of the fi rst peak. This protein behaved as string-like oligomers, showing structures ranging from tetramers to hexamers.
ed RNAs (-ssRNAs) , including large (L), medium (M), and small (S) segments (Yu et al., 2011) . The L segment encodes the RNA-dependent RNA polymerase (RdRp), the M segment encodes a precursor of glycoproteins, and the S segment encodes both a nucleocapsid protein (NP) and a nonstructural protein using an ambisense coding strategy (Jiao et al., 2011) .
Like other -ssRNA viruses, SFTSV contains ribonucleoprotein (RNP) complexes consisting of a genomic RNA wrapped by an NP (Jiao et al., 2011; Xuan et al., 2011) . The genome length of the viral RNA (cRNA or viral genomic RNA) is only present in the form of an RNP throughout the entire virus replication cycle of a -ssRNA virus, either serving as a template for RNA synthesis or becoming packaged in the virion. Therefore, RNP assembly is a critical step in the replication of -ssRNA viruses (Ruigrok et al., 2011) .
Negative-strand RNA virus NPs require two fundamental properties to function (Sun et al., 2012a) : they must bind with the RNA virus and they must polymerize into large oligomers to protect the entire length of the viral genome RNA. However, the molecular architectures and biological functions of NPs encoded by Bunyaviridae members signifi cantly differ from each other (Hastie et al., 2011; Qi et al., 2011; Guo et al., 2012) . Two recent studies revealed that RVFV (Phlebovirus genus) NP oligomerizes with two distinct molecular architectures (Raymond et al., 2010; Ferron et al., 2011) . The most signifi cant difference between these two studies is the conformation of the Nterminus of RVFV NP. In the dimerized RVFV NP of one study, the N-terminal arm (the fi rst 30 amino acids) folds backward toward the body of the molecule, forming a compact architecture. This same N-terminal arm extends to the adjacent molecule and forms a ring-shaped architecture in another study. The structure of RVFV NP bound to RNA has previously been published, and crystal structures and EM visualization of both the viral and reconstituted RNPs provide a better understanding of the process by which phleboviruses encapsidate their RNA genomes (Raymond et al., 2012) . Thus, to gain further information on the NP encoded by members of the Bunyaviridae family, especially members of different groups within Phlebovirus, we determined the crystal structure of the SFTSV NP in this work. Our fi ndings provide novel insights into NP oligomerization to the regulation of RNP assembly in the Bunuyaviridae family.
RESULTS

The recombinant SFTSV NP oligomerizes and binds cellular RNA
Binding with RNA and polymerization to protect the bound RNA against external nuclease are the key features of virally encoded NPs. The full-length SFTSV NP (residues M1-L245) was expressed in E. coli to investigate the structural details of the NP. The NP was purifi ed under non-denaturing conditions to verify its natural features. The retention volume of the major peak ranged from 8 mL to 14 mL ( Fig. 1) , while that of the small peak was about 22 mL, which corresponds to a molecu-8.5 mL 9.5 mL 10.5 mL 11.5 mL 12.5 mL 13.5 mL 20 mL 21 mL 
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& to the previous fi nding that VSV NP is resistant to nuclease digestion, RNA encapsidated by the VSV NP was recently demonstrated to be susceptible to degradation through treatment at higher concentrations (1 mg/mL) of RNase A and higher temperatures (37°C) (Green et al., 2011) . This result demonstrates that SFTSV NP is effective against external nucleases at low concentrations and that it undergoes a dynamic conformational change to release bound RNA. Since nuclease-treated SFTSV NP showed good solution properties, we used this protein for subsequent structural investigation.
Overall structure of SFTSV NP
The crystal structure of the full-length SFTSV NP was determined using the multi-wavelength anomalous dispersion (MAD) method and refi ned to a resolution of 2.8 Å with a fi nal R work value of 22.1% (R free = 27.7%) ( Table S1 ). All of the residues fi tted well with the electron densities obtained, indicating their high structural stability. The overall structure of SFTSV NP presents a ring-shaped hexameric architecture, with inner and outer radii of 25 Å and 105 Å, respectively (Fig. 3A) . Although two hexameric rings may be observed in the crystallographic asymmetric unit (Fig. S2 ), gel fi ltration results indicated that the hexameric structure, which is consistent with the homogeneous molecular weight, is the native form of NP in solution (Fig. S3 ). Each protomer of SFTSV NP has a compact structure with an additional N-terminal arm extension and features three key parts: an N-terminal arm (hereafter called N-arm) (M1-D34), an N-lobe (P35-L111), and a C-lobe (P112-L245) (Fig. 3B) . All of the monomer folding patterns are predominantly composed of α-helices. The N-arm presents a bent architecture with two α-helices, while the N-and C-lobes consist of four and seven α-helices, respectively. Two hydrophobic cavities, cavityR and
Removal of SFTSV NP-bound RNA by nuclease
NPs encoded by non-segmented -ssRNA viruses tightly binded with RNA to form a continuous chain. While the NP-RNA complex is essentially resistant to any RNase digestion, NPs of the segmented -ssRNA viruses NP-RNA complex remain partially sensitive to such digestion (Ruigrok et al., 2011) . Thus, we verifi ed whether or not SFTSV NP-bound RNA is sensitive to exogenous nuclease.
Purifi ed SFTSV NP-RNA was mixed with DNase or RNase at fi nal concentrations ranging from 0.01 mg/mL to 1 mg/mL and then incubated for 30 s to 30 min at 4°C, 16°C, 25°C, or 37°C. The bound RNA was digested as shown in Fig. 2 . The nucleic acid bound to SFTSV NP can be removed by RNase but not DNase, which indicates that the bound nucleic acid is mainly RNA, consistent with the biological function of a viral NP ( Fig. 2A) . The level of RNA degradation increased as the concentration of RNase increased from 0.01 mg/mL to 1 mg/mL. Most of the bound cellular RNA was eliminated when the nuclease concentration reached 0.25 mg/mL (Fig. 2B ). The bound RNA could be eliminated under 25°C and 37°C after incubation for 30 min; however, some of the RNA was retained in solution after digests at 4°C and 16°C (Fig. 2C ). SFTSV NP was not stable under 37°C, and clear precipitation was found during digestion. Since RNA digestion shows obvious time gradient effects, RNase digestion at 16°C with a nuclease concentration of 0.01 mg/mL for 10 h was performed to maintain the optimum features of the SFTSV NP solution (Fig. 2D) .
As the viral NP is responsible for RNA encapsidation and protection against exogenous nuclease, our results are not surprising. The RNA in infl uenza virus RNP can be easily removed by external nucleases, which indicates that infl uenza virus NP cannot protect bound RNA (Ye et al., 2006) . In contrast cavityO, are observed. CavityR is a highly positively-charged putative RNA binding site located between the N-and C-lobes, while cavityO is clamped by the N-and C-terminal lobes at the inner and exterior sides of the hexameric ring, which accounts for the intermolecular interactions and oligomeric formation of NP. The N-arm rests in the hydrophobic cavityO of the adja- Fig. 5F -H) retained some of the hexamers. F24A and L28A ( Fig. 5I and 5J ) retained most of the hexamers and generated a very limited number of monomers. Other mutants in the N-arm did not show obvious impacts on SFTSV NP oligomerization (Table S3) . Four side-to-side interactions were involved in the stabilization of SFTSV NP oligomers (Fig. 4) . We replaced R99, R106, K164, R186, and E192 with alanine to investigate their impact on SFTSV NP oligomerization. Gel fi ltration results revealed that these mutants do not affect the oligomerization of SFTSV NP (Table S3 ). Our results indicate that hydrophobic interactions between the N-arm and cavityO are mainly responsible for SFTSV NP oligomerization.
Structure-based mutational analysis of the putative RNA binding site
Although the structure of SFTSV NP with RNA has not been determined, the impacts of the residues on the putative RNAbinding site were analyzed. Considering that positively charged arginine/lysine residues interact with the negatively charged phosphate backbone of RNA molecules, we inferred that this positively charged region is likely responsible for the RNA binding of the SFTSV NP. We also constructed mutants on these sites to examine their RNA binding abilities compared with that of the SFTSV NP through the surface plasmon resonance (SPR) method using an 18-nt RNA probe. Single-site mutants included R64A, K67A, K70A, R95A, R106A, K184A, and R186A. SPR results showed that substitutions on single residues induce mild attenuations in binding affi nity with the RNA probe compared with the WT protein. Since all of the single-site mutants showed similar impacts on RsNA binding, we used the R64A mutant to construct a representative curve (Fig. 6A) . The triple-site mutant, R64A-K67A-K184A, abolished binding with the RNA probe. These results indicate that positively charged residues are involved in the RNA binding of SFTSV NP and that single substitution does not evidently affect this RNA binding activity.
Disruption of SFTSV NP oligomerization impacts RNA binding
While the positive charge inside cavityR is responsible for RNA binding, we also found that some oligomerization-defective mutants show limited RNA-binding during protein purifi cation. We further analyzed the RNA-binding abilities of the mutants on the intermolecular interface to elucidate the impacts of SFTSV NP oligomerization on RNA binding. The Kd value calculated between the WT SFTSV NP and the18 nt RNA probe is 0.46 μmol/L (Fig. 6B ) based on the SPR data.
The correct assembly of NP oligomers plays an essential cent molecule and plays an essential role in oligomerization. The common feature of virally encoded NPs (Ye et al., 2006) is RNA binding, which is normally achieved through the interaction of positive-charged hydrophilic residues and the phosphate moiety of RNA. Residues such as R64, K67, K70, R95, R106, and K184 accomplish to electrostatic features of cavityR (Fig. S4) .
Intermolecular interactions
The assembled RNP is composed of large amount of NP bound to the virus genomic RNA (Green et al., 2006) . Each protomer of SFTSV NP interacts with adjacent molecules to maintain the hexameric architecture and protective stability of the NP oligomer (Fig. 4) .The interactions between the adjacent molecules bury a total of 3132 Å 2 of the surface area as calculated by PISA (Krissinel and Henrick, 2007) according to the total 14,000 Å 2 surface of one molecule, which suggests strong interactions inside the hexameric ring. These interactions are primarily achieved by hydrophobic forces, van der Waals interactions, and hydrogen-bonding interactions (Table S2 ).
The interaction between the N-terminal arm and a neighboring NP molecule (named Contacts I and II) is the most substantial interaction in the hexamer, and occupies nearly 50% of the total interaction surface (1452 Å 2 ). Contact I is formed by the fi rst N-terminal α-helix of the N-arm, from S5 to L16, and the fi rst half of cavityO. A8, V9, I7, F11, and L16 face cavityO, providing the majority of the hydrophobic interaction. L21, F24 A25, L28, and A29 in the second helix of the N-arm hydrophobically interact with the other half of cavityO to contribute to oligomerization. Some side-to-side interactions (named Contacts III and IV) also assist in SFTSV NP oligomerization. The residues R99, R106, K164, and E192 come into contact with the residues K74, N77, A131, and R186 of a neighboring molecule through polar or electrostatic interactions.
Structure-based mutational analysis of the inter-monomer interface
Since the N-terminal arm and a subset of the residues in the body of the protein are associated with an adjacent molecule, we examined how substitutions on the interface affect the oligomerization state of SFTSV NP (Table 3) . To exclude the impact of bound cellular RNA, all of the mutants were purifi ed and subjected to nuclease treatment similar to that for the wildtype (WT) protein.
As the N-arm contributes the majority of the intermolecular interaction, disruption of N-arm-induced interactions is expected to destabilize SFTSV NP oligomerization. Therefore, a mutant lacking the fi rst 34 residues of NP (hereafter named NPΔ34) was constructed. The recombinant NPΔ34 protein was overexpressed in E. coli, and gel filtration results indicated that the expected sizes of the proteins were obtained. Consistent with our hypothesis that the N-arm is essential for oligomerization, SFTSV NP∆34 eliminated all hexamers to monomers (Fig. 5A ). Residues interacting with amino acids Protein Cell & role in viral RNP formation and function. To test whether or not oligomerization of SFTSV NP is necessary for RNA packaging, we selected two mutants, L28E, which retains several oligomers, and F11D, which eliminates all oligomer. Consistent with our hypothesis, L28E showed a nearly 200-fold decrease in RNA binding affi nity compared with the WT protein (Fig. 6C) . By contrast, F11D showed no detectable RNA-binding.
In the structural investigations of RVFV NP with different architectures, the RNA binding site is shadowed by the foldedback N-arm and is unlikely to bind with RNA through this site (Raymond et al., 2010) . According to the primary sequence and structural similarities determined, the RNA-binding ability of SFTSV NP may not change signifi cantly once cavityR is released from N-arm. However, the mutant NP∆34, an oligomerization-defective mutant that features no N-arm and a cavityR exposed to the solvent, showed no RNA-binding ability (Fig. 6A black line) . This result suggests that correct oligomerization is crucial for RNA binding. All of our fi ndings reveal that the formation of a correct oligomer is essential for SFTSV NP RNA encapsidation. ture of SFTSV NP under denature/renature condition like that of RVFV NP (Raymond et al., 2010) , crystallographic analysis and primary sequence homology results between NPs of SFTSV and RVFV allow us to deduce that phleboviruses share a conserved dynamic mechanism of RNP formation. cation. The structures of several NPs of -ssRNA viruses, such as infl uenza virus (Ye et al., 2006; Ng et al., 2008) , rabies virus (Albertini et al., 2006) , VSV (Green et al., 2006) , and BDV (Rudolph et al., 2003) , have been reported. All of these NPs structurally have a deep positively-charged groove for RNA binding, although the direction of this groove is differs among nsNSV NPs, resulting in distinct RNase sensitivity profi les (Ng et al., 2008) . These grooves are not obvious in the NPs of CCHFV and LAFV, indicating variations in RNA-binding within -ssRNA viruses (Guo et al., 2012) . While the SFTSV NP shows molecular folding patterns that differ from those of the NPs of VSV, rabies virus and infl uenza virus, a clear positively charged RNA-binding grove clamped by an N-lobe and a C-lobe indicates the similar functions of these NPs in RNA encapsidation. The cavityR of SFTSV NP comprises a set of positively charged residues (Fig. S4) . The single-residue mutant cannot obviously attenuate the RNAbinding ability of SFTSV NP; by contrast, a multiple site mutant could abolish RNA-binding (Fig. 6A) . This fi nding is also observed in the native form of structural homologues of RVFV NP. In addition, the RNA-binding groove in the monomeric structure of RVFV NP, which is obtained from the denaturation/renaturation method, is shadowed by the N-arm and thus cannot bind with RNA (Ferron et al., 2011) . We initially hypothesized that monomeric SFTSV NP mutants without the N-arm will expose the cavityR to the solvent and retain RNA-binding ability. Surprisingly, truncation of NPΔ34, which completely exWe determined four residues essential for the oligomerization of SFTSV NP, i.e., A8, F11, A25, and L28. Substitutions on these sites could signifi cantly attenuate the oligomerization of the protein. Primary sequence alignment results show that the A8 residue is strictly conserved throughout three groups within phleboviruses (Fig. S1 ). Although the position on F11 residue in uukuniemi virus is an isoleucine residue, substitution of phenylalanine by isoleucine shows no impact on the oligomerization state. A similar observation is made on the position of the L28 residue. Although the mutants L28E and L28K could demolish the oligomer formation of the SFTSV NP, the mutant L28F does not affect the formation of the ring-shaped complex. The position of A25 is not conserved in SFTSV and the viruses in two other groups. The alanine residue of SFTSV NP has no side chain, whereas the valine and isoleucine residues of RVFV and uukuniemi virus have hydrophobic side chains. However, substitutions of the A25 residue of the SFTSV NP by valine or isoleucine residues retain the oligomerization state of the protein, which suggests that mutants with a long hydrophobic side chain at this position are not critical for the formation of highly ordered oligomers. These results reveal that the ringshaped oligomerization of NP may be a conserved feature within phlebovirus members. (Fig. 6A) . Oligomerization of SFTSV NP is essential for its RNA encapsidation since the cavityR of the NP∆34 mutant stays in the released form. We further used L28E and F11D to test our speculation. L28E retained its RNA-binding ability, whereas F11D could not bind to RNA in the same conditions (Fig. 6C) .
DISCUSSION
All of these results demonstrate as well as the residues directly contribute to the RNA-binding, the residues responsible for oligomerization also plays essential role for RNA encapsidation. In summary, we determined the hexameric ring-shaped crystal structure of SFTSV NP in native conditions. Besides significant functional variations in viral NPs among different -ssRNA virus families, the NP structures of viruses within the same viral family were found to be unidentical. For example, the structure and function of NPs from CCHFV and RVFV, both of which belong to the Bunyaviridae family, differ from each other signifi cantly. Furthermore, the NP of RVFV displays notable structural shifts under different conditions. The structure of SFTSV NP reveals a conserved oligomerization state within Phlebovirus members. We also identifi ed key residues, i.e., A8, F11, A25, and L28, which are crucial for the oligomerization of SFTSV NP. Mutational analysis of these residues revealed that they signifi cantly attenuate the RNA-binding of SFTSV NP. A study on the truncated mutant NP∆34, which demolishes oligomerization, also suggests that multimerization of SFTSV NP is essential for RNA binding. Furthermore, although cavityR in mutant NP∆34 is suffi ciently exposed to the solvent, its undetectable RNA binding indicates that the correct encapsidation of virus RNA requires not only a positively charged cavityR but also correct oligomerization brought about by the interaction between the N-arm and cavityO. Therefore, reagents, chemical compounds, or peptide mimics that could obstruct the interprotomer interactions of Phlebovirus NP may exert impacts on the correct process of RNA encapsidation and inhibit viral genome replication. This concept would be helpful in setting up a new strategy to discover antiviral reagents targeting Phlebovirus infections.
MATERIALS AND METHODS
Protein production and crystallization
The gene of the full-length SFTSV (strain HB29) NP (residues 1-245) was cloned into the pET-28a expression vector with a 6´His tag fused at the N-terminus following a general protocol (Chen et al., 2011) . The plasmid was transformed into E. coli strain BL21 (DE3), and transformed cells were cultured at 310 K in LB media containing 100 mg/L kanamycin. After the OD 600 had reached 0.5, the culture was cooled to 289 K and supplemented with 0.5 mmol/L isopropyl β-D-1-thiogalactopyranoside. After overnight induction, the cells were harvested through centrifugation. The pellets were resuspended in lysis buffer containing 20 mmol/L HEPES (pH 6.8), 200 mmol/L NaCl, 100 mmol/L MgCl 2 ,100 mmol/L MnCl 2 , 50 μg/mL RNase, and 1 μg/mL DNase and homogenized in an ultra-high-pressure cell disrupter (JNBIO, Guangzhou, China) at 277 K. The insoluble material was removed through centrifugation at 20,000 g. The fusion protein was fi rst purifi ed by Ni-NTA affi nity chromatography and elution with lysis buffer. The bound target protein was eluted with buffer containing 500 mm imidazole in 20 mmol/L HEPES (pH 6.8) and 200 mmol/L NaCl, further purifi ed by a Hi-Trap heparin HP column (GE Healthcare) followed by a Superdex-200 gel fi ltration column (GE Healthcare), and dialyzed to buffer containing 20 mmol/L HEPES (pH 6.8) and 200 mmol/L NaCl. The SFTSV NP of over 95% purity was concentrated to 8 mg/mL and stored at 193 K. SDS-PAGE analysis showed an A 280 /A 260 ratio of 2.0.
Crystallization was performed at 291 K using the hanging-drop vapor-diffusion technique. Crystals were obtained by mixing 1 μL of the protein solution (concentrated to 10 mg/mL) with an equal volume of reservoir solution and then equilibrated against 300 μL of the reservoir solution. Crystals of native SFTSV NP were obtained in a reservoir solution containing 100 mmol/L sodium malonate (pH 7.0) and 12% (w/v) PEG 3350. Crystals with good diffraction quality grewto 100 μm × 100 μm × 200 μm within 3 d in optimized well solution containing 100 mmol/L sodium malonate (pH 7.0) and 10% (w/v) PEG 3350. Selenomethionine derivatives of SFTSV NP were purifi ed following a general procedure (Ren et al., 2011) and crystallization with similar conditions as the native protein.
X-ray data collection, processing, and structure determination
All of the crystals were gradually transferred to a harvesting solution containing the precipitant solutions with added 15% (v/v) glycerol and then fl ash-frozen in liquid nitrogen for storage. Data were collected under cryogenic conditions at 100 K.
Selenomethionine, a multi-wavelength anomalous dispersion (MAD) data set of SFTSV NP at the Se peak and inflection wavelengths, was collected at the Photon Factory (PF, Japan) beamline BL17A and processed using HKL2000 (Otwinowski and Minor, 1997) . The crystals belonged to space group P2 1 with cell parameters of a = 94.6 Å, b = 179.8 Å, c = 103.8 Å, α = γ = 90°, and β = 96.6°. Six of the eight selenium atoms were located and refi ned, and MAD data phases were calculated and substantially improved by solvent flattening using the PHENIX program (Adams et al., 2002) . A model was manually built into the modifi ed experimental electron density using COOT (Emsley and Cowtan, 2004) and further refi ned in PHENIX.
Native data for SFTSV NP crystals were collected to 2.8 Å at 100 K using an ADSC Q315 CCD detector on beamline BL17A in Photon Factory. The crystals belonged to the space group P2 1 and showed slight differences in cell parameters with a = 102.2 Å, b = 104.4 Å, c = 169.9 Å, α = γ = 90°, and β = 100.3°. PHASER software (McCoy et al., 2007) was used to determine a correct solution via the molecular replacement method by using the model generated from MAD data as the initial search model. Several rounds of simulated annealing, restrained energy minimization, and individual B-factor refinement were conducted using PHENIX (Adams et al., 2002) . Solvent molecules were located from stereochemically reasonable peaks in the σA-weighted Fo-Fc difference electron density map. Final refi nement statistics are summarized in Table S1 . Model geometry was verifi ed using the program PROCHECK (Laskowski et al., 1993) . Structural fi gures were drawn using the program PyMOL (DeLano, 2002) , and an electrostatic potential surface was generated by the Adaptive PoissonBoltzmann Solver (APBS) tool (Baker et al., 2001 ) incorporated into with PyMol.
Protein Cell & SPR measurements
The binding affi nities of WT and mutant SFTSV NPs to an 18-nt RNA probe was studied using SPR on a Biacore 3000 instrument (GE Healthcare). The assays were carried out at 25°C in interaction buffer. To monitor protein-RNA interactions, the WT SFTSV NP and relevant mutants were immobilized to a CM5 sensor chip (GE Healthcare) by amine coupling until a surface density of 5000 response units (RU) had been achieved. The binding assays were performed in HBS buffer containing 20 mmol/L HEPES (pH 6.8), 200 mmol/L NaCl, and 0.005% (v/v) Tween-20. The RNA probe [poly(rA), 18-nt, concentrations ranging from 0.25 μmol/L to 6.4 μmol/L] was injected over the sensor chip in HBS buffer at a rate of 40 μL/min. Data analysis and curves fi tting were performed using BIA evaluation software (BIAcore).
